Situs inversus totalis is a rare condition where the visceral organs are organized as a mirror image of default organ position. In this study we picture the co-development between brain and visceral organs in a case of situs inversus totalis from a fetal stage to adolescence and compare our findings to an age-, gender-, and education-matched control with normal position of thoracic and abdominal organs. We show that in this case of situs inversus, functional and structural brain lateralization do not coincide with visceral organ situs. Furthermore, cognitive development in situs inversus is normal. To our knowledge, this is the first report of antenatal cerebral origins of structural and functional brain asymmetry in a case of situs inversus totalis.
Introduction
Situs inversus (SI) totalis is a rare condition in which visceral organs are organized in a reversed position within the thorax and abdomen. It is supposed that this autosomal recessive phenomenon only occurs in one of 10 000 with about one quarter of the cases exposing ciliary dyskinesia including respiratory problems, called Kartagener syndrome (Bartoloni et al., 2002) . Compared to other laterality defects as situs ambiguus or dextrocardia, SI -if not caused by primary ciliary dyskinesia -does not go along with physiological difficulties (Rickert-Sperling, Kelly, & Driscoll, 2015) . The process of normal organ positioning was found to be initiated by a leftward ciliary movement at the Hensen's node (Basu & Brueckner, 2008; Nonaka et al., 1998; Shiratori & Hamada, 2006) and predominant leftward gene expression (Levin, 1998; Levin, Johnson, Stern, Kuehn, & Tabin, 1995; Lowe et al., 1996; Meno et al., 1996; Nakamura & Hamada, 2012; Nakamura et al., 2006) . This developmental left-right asymmetry of gene expression was not only reported in visceral organs of animals but also in the brains of human embryos. LMO4, for example, has been shown to be more expressed in the right perisylvian cortex than in the left, suggesting that left-right specialization is associated with asymmetric cortical development at early stages (Sun et al., 2005) . However, an embryologic mechanism linking visceral and cerebral asymmetries remains unknown. On a macroscopic level in vivo, human fetal brain asymmetries become visible as early as in the 11th week of gestational age (GA) within the choroid plexus (Abu-Rustum, Ziade, & Abu-Rustum, 2013) . As demonstrated in postmortem studies (Chi, Dooling, & Gilles, 1977; Fontes, 1944) and recently by in vivo and in utero fetal brain imaging, the fetal brain exhibits distinct structural hemispheric asymmetries, which are pronounced at the perisylvian language regions (Dubois et al., 2014; Habas et al., 2012; Kasprian et al., 2011) . In adults exposing (SI) there is some small evidence of inverted asymmetry in the overall cortical surface (Ihara et al., 2010; Kennedy et al., 1999) but not in the inferior frontal gyrus (Ihara et al., 2010) , and even less evidence for inversed temporal plane asymmetry (Kennedy et al., 1999) . In an animal study with induced SI in newts a relationship was found between inversed visceral organ asymmetry and inversed brain asymmetry (Wehrmaker, 1969) .
Functional left-lateralization of human language has been shown in many studies (e.g. Knecht et al., 2000; Price, 2010) . The vast majority of right-handed individuals expose stronger left-hemispheric processing. Structural brain asymmetry and functional lateralization seem to coincide at least to some degree in the norm population (Josse, Kherif, Flandin, Seghier, & Price, 2009; Josse, Mazoyer, Crivello, & Tzourio-Mazoyer, 2003; Tzourio, Nkanga-Ngila, & Mazoyer, 1998) , which gives a hint of them being linked genetically as well.
To date it is not clear if in (SI), fetal brain development is proceeding in an inverted way like the visceral organs, and how language lateralization takes place. Some studies suggest default leftward language lateralization in patients with (SI), comparable to healthy controls (Kennedy et al., 1999; Tanaka, Kanzaki, Yoshibayashi, Kamiya, & Sugishita, 1999; Woods, 1986) . Two studies, however, suggest atypical rightward language lateralization in (SI) (Cohen, Geny, Hermine, Gray, & Degos, 1993; Ihara et al., 2010) .
In order to shed light on possible interactions in the development of body and brain asymmetries, it is important to gain knowledge about the interdependency between both in cases with situs anomalies. Here, we had the opportunity to longitudinally assess the possible association of fetal structural brain asymmetry and childhood structural brain asymmetry, language development, and language localization in a boy with (SI). We will compare the findings to an age-, gender-, and education-matched control with situs solitus (i.e. normal positioning of visceral organs). The unique setting of a long-term follow-up of a case initially imaged at 27th week of GA prenatally with structural, functional, and cognitive assessment at the age of 13 years allows preliminary insights into the origins of language lateralization in children with SI.
This study will add to the ongoing debate on the relationship between functional and structural brain asymmetry and how these are related to cognitive abilities later in live.
Methods

Participants
At the time of cognitive testing and functional brain imaging, the case exposing SI totalis was a 13;3 y old right-handed (Edinburgh Handedness Inventory, EHI = 100; Oldfield, 1971 ) male native German speaker. SI had been diagnosed at a fetal screening ultrasound examination. For the exclusion of additional abnormalities, the subject's mother underwent fetal MRI at 27th + 2 week of GA. After he was born at 39th + 2 week of GA, SI was confirmed by a neonatal ultrasound examination. Post-natal development was flawless; the boy met all of his developmental milestones on time. At the time of cognitive testing, the boy attended the Austrian High School, 3rd grade (Gymnasium). He has two older brothers and his parents are both right-handed native German speakers. He showed no symptoms of primary ciliary dyskinesia.
An age-, gender-, and education-matched child with situs solitus (SS) was included in the study as a control case. This boy was a 12;1 y old right-handed (EHI = 90) native German speaker, who has had fetal MRI at week 25th + 5 week of GA. At this age he showed typical superior temporal sulcus (STS) asymmetry and was therefore chosen as reference for typical brain and visceral organ development. He was born in week 32 + 5 of GA. His postnatal development was normal, at the time of cognitive testing he attended the Austrian High School, 2nd grade.
The study was approved by the Ethics Committee of the Medical University Vienna and written informed consent was obtained in accordance with the Helsinki Declaration of 1975.
Magnetic resonance imaging data acquisition and processing
Fetal magnetic resonance imaging
Diagnostic fetal magnetic resonance imaging (MRI) was performed on a Philips 1.5 T superconducting unit (Philips Gyroscan) at the Department of Radiology, Division of Neuroradiology, Medical University of Vienna. A SENSE cardiac coil, with 5 elements (3 posterior and 2 anterior) was wrapped around the mother's abdomen and readjusted during the imaging procedure, depending on the position of the fetal head. Routine fetal imaging required between 30 and 45 min (with approximately 20 min of dedicated fetal neuroimaging). Neither the mother nor the fetus were sedated. Fetal neuroimaging consisted of single-shot, fast spinecho T2-weighted sequences (variable repetition time 14 000-25 000 ms, echo time: 100-140 ms, slice thickness: 3-4.4 mm, field of view: 200-230 mm, matrix 256 ⁄ 256, in-plane resolution: 0.78-0.9 pixels per mm, flip angle: 90°, acquisition time 15-19 s), acquired in 3 orthogonal planes. Sequence preparation and planning of exact orthogonal orientations were guided by an anatomist or by an experienced fetal radiologist, both with substantial expertise in the field of fetal neuroimaging. Axial images were acquired perpendicular to the axis of the fetal brain stem and served as a reference for the exact anatomical preparation of the coronal sequences, which were planned orthogonally, passing through corresponding positions of both inner ears and following the angle of the fetal brain stem, as depicted by sagittal T2-weighted sequences.
Postnatal magnetic resonance imaging
At the age of 13 and 12, respectively, an MRI was performed for structural and functional imaging using a 3 Tesla Tim Trio (Siemens Medical Solutions, Erlangen, Germany) whole-body MRTomograph combined with the manufacturer's default 12-channel RF head coil (Siemens Medical Solutions, Erlangen Germany). For T1 weighted anatomical image acquisition a threedimensional, isocubic magnetization-prepared rapid gradientecho (MP-RAGE, TE/TR = 4.21/2300 ms, slice thickness 1.1 mm, flip angle 9°). The functional T2 ⁄ -scans were performed by means of a phase-corrected blipped gradient echo, single-shot echo planar imaging sequence (TE/TR = 42/2000 ms, 210 ⁄ 100 FoV, 20 axial slices parallel to the AC-PC-plane, thickness 4 mm).
2.2.2.1. Anatomical data processing. For definition of the left occipital-right frontal petalia torque asymmetry (Balzeau, Gilissen, & Grimaud-Hervé, 2012) , T1-weighted images were visually inspected by an experienced neuroradiologist (G.K.). Surface asymmetry of the temporal plane was analyzed using the freesurfer software. Depth asymmetry in the temporal plane and STS was measured by calculating the distance between the pial surface and its convex hull along those sulci using Matlab. For the depth asymmetry, t-tests between the sample of those points in the left and right hemisphere were performed.
FMRI paradigm.
During functional MRI (fMRI) assessment, an auditory word definition task was applied. In healthy, righthanded children this paradigm has shown robust language lateralization to the left hemisphere including the inferior frontal gyrus, the middle temporal gyrus, the supplementary motor cortex, the middle frontal gyrus and the fusiform gyrus (Balsamo, Xu, & Gaillard, 2006; Gaillard et al., 2007; You et al., 2011) . This paradigm requires comprehension of a phrase, semantic recall, and a semantic decision, includes a button-press response, and is suitable for children aged 5 and above. During the active condition, participants listened to a definition of an object followed by a noun. The children were instructed to press a button each time they judged that the description matches the noun. For instance, ''a long yellow fruit is a banana'' (true response) or ''something you sit on is a spaghetti'' (not true). Definitions occurred every three seconds. Matching pairs are pseudo-randomly distributed (70% true responses, 30% foils). During baseline, task definitions were presented in reverse speech. Participants were instructed to press a button each time he/she heard a tone following the auditory string (70% true responses, 30% foils). The baseline was designed to control for first and second order auditory processing, attention, and motor response (You et al., 2011) . Nouns were selected according to linguistic criteria including word frequency, word length, and word complexity and are well balanced within five semantic categories. Three different difficulty-levels are available, for the present study, the age-appropriate difficulty level of tasks was chosen.
2.2.2.3. FMRI data processing. FMRI data preprocessing included realignment, segmentation, normalization to MNI space and 6 mm spatial smoothing performed with a spatially stationary Gaussian filter as implemented in SPM12. T-maps were then calculated using a general linear model for the contrast forward > reverse.
Laterality index (LI).
The LI was calculated with the ratio: left-right/left + right. Fetal STS depth was quantified by an experienced neuroradiologist (G.K.). For this purpose, a straight line between the two bulges of the emerging superior and middle temporal gyri was drawn. In a second step, an orthogonal line was drawn from this line to the deepest pit of the emerging STS. Post-hoc, three further experienced fetal neuroradiologists (M.C. D., C.M., D.P.), blinded to the aim of the study, measured the fetal STS depth according to this procedure. For surface asymmetry of the temporal plane, the extend of this structure was taken as labeled by freesurfer in mm 2 . For LI of functional data, we fed the preprocessed t-maps for the contrast forward > reverse into the default bootstrapping approach as implemented in the LI toolbox for SPM12 (Wilke & Lidzba, 2007) . Lateralization of activations was estimated on the single-subject level. A frontal, temporal, and parietal region of interest (as provided by the LI-toolbox) was used as inclusive mask. In order to avoid the threshold dependency of simple lateralization indices, a bootstrapping approach was employed (Lidzba, Schwilling, Grodd, Krägeloh-Mann, & Wilke, 2011) . With this approach, a multitude of bootstrapping resamples from the original dataset is analyzed at different thresholds, yielding a single, weighted mean laterality index (LI) which is based on the whole of the underlying dataset (Wilke & Schmidthorst, 2006) . LIs were categorized as left lateralized if LI ! 0.2, bilateral if LI was within À0.2 and +90.2, or right if LI À0.2.
Cognitive testing
Our comprehensive neurolinguistic test battery included standardized child-appropriate tests in German language measuring a wide range of linguistic functions. Advanced vocabulary was measured using the Expressive Vocabulary subtest of the Wortschatzund Wortfindungstest (Glück, 2011) and the Synonymes and Antonymes subtests of the Adaptives Intelligenz Diagnostikum 3, in which participants have to find synonyms and antonyms for given words (Kubinger & Holocher-Ertl, 2014) . Verbal working memory functions were evaluated by the Phonematischer Gedächtnistest which requires the participants to repeat sequences of vowels, syllables, words, numbers and sentences (Gruner, Zeller, & Fleck, 2013) . The Phonematischer Gedächtnistest allows for the calculation of three subscores including one subscore for meaningless sequences of vowels and syllables, another subscore for meaningful words and sentences, and an overall score. Verbal long-term memory functions, including word learning efficiency, short-and long-term memory, and recognition, were assessed by the Verbaler Lern-und Merkfähigkeitstest (Helmstaedter, Lendt, & Lux, 2001) , the German version of the Auditory Verbal Learning Test (Lezak, 1995) . Language comprehension was evaluated using the Token Test for Children TTFC-2 (McGhee, Ehrler, & DiSimoni, 2007) . It consists of 20 tokens varying in color, size and shape and requires response to commands by manipulating the tokens. The commands are arranged in different blocks of increasing linguistic and memory demands.
Written language including reading and writing was explored by the Salzburger Lese-und Rechtschreibtest (Moll & Landerl, 2010) , where participants have to write and read single words. For the reading condition children are required to read out loud a list of words and pseudowords. The Fast Decoding subtest of the Zürcher Lesetest (Petermann, Daseking, Weid, Linder, & Grissemann, 2012) demands the testee to name a set of pictures as fast and precisely as possible during a condition of different recurrent items and non-recurrent items, thus measuring the retrieval of symbolic content from memory. Verbal fluency was evaluated by requiring the participant to name as many animals (semantic fluency) as possible, and words as possible starting with a specific letter (phonological fluency), respectively, within two minutes (Aschenbrenner, Tucha, & Lange, 2000) . Percentile ranks were calculated for performance after one minute and for the overall performance of two minutes.
To evaluate non-linguistic perception-related reasoning, we applied the subtests block design, matrix reasoning, and picture completion of the Hamburg-Wechsler Intelligenztest für Kinder HAWIK IV (Petermann & Petermann, 2008) , the German equivalent of the Wechsler Intelligence Scale for Children.
Raw scores of cognitive tests were transformed into ageadjusted percentiles for each cognitive test. There was one exception for the reading subtest, as there was a lack of appropriate age norms for the school form both boys were visiting. We therefore decided to transform the raw scores into percentiles based on adults norms with mixed education levels, with the risk of an underestimation of percentile rank results. In line with clinical conventions, percentile ranks from 16 to 84 were defined within the 'average' range. Performance below the 16 percentile was considered as below average, whereas performance above the 84 percentile was interpreted as above average.
Results
Brain asymmetries
The fetal MRI of the SI child showed a typical structural leftright asymmetry with a deeper right STS (3.2 mm) than left STS (1.2 mm) (Fig. 1) . A comparison of the SI child and the SS child revealed a very similar LI of the STS (LI (SI) = À0.45 vs. LI (SS) = À0.50) with both cases showing typical deeper right STS. Posthoc analyses by three further experienced raters revealed consistent findings of the fetal STS depth asymmetry (mean LI (SI) = À0.5, SD (SS) = 0.12; mean LI (SS) = À0.39, SD (SS) = 0.1).
The adolescent structural MRI revealed an atypical larger left frontal and right occipital lobe in the SI case, whereas the control case showed a typical frontal and occipital petalia asymmetry (Fig. 2) . In addition, the SI case exhibited a rightward asymmetry in the surface of the temporal plane (LI = À0.1), whereas no significant sulcal depth asymmetry in the temporal plane could be observed (p = 0.366). In contrast, the control case showed a leftward asymmetry of temporal plane extent (LI = 0.13) as well as significant leftward asymmetry in temporal plane's sulcal depth (p = 0.010). Furthermore, both subjects showed a rightward asymmetry in the STS (p (SI) = 0.009, p (SS) < 0.001).
Functional MRI at the age of 13 exhibited predominantly leftlateralized language processing in the SI child with activations in the left middle superior temporal gyrus, left posterior STS, bilateral temporal pole, bilateral inferior frontal gyrus, and left inferior parietal lobule (Fig. 3) . With an overall LI of 0.48, the SI child showed a typical left-lateralization of language functions (Sepeta et al., 2016) , similar to the control case (LI (SS) = 0.4). When investigated in detail, SS exposed weaker left language lateralization in the frontal lobe (LI (SS) = 0.37 vs. LI (SI) = 0.44) and stronger left lateralization in the parietal (LI (SS) = 0.52 vs. LI (SI) = 0.32) and temporal lobe (LI (SS) = 0.65 vs. LI (SI) = 0.35).
Cognitive abilities
The boy with SI showed intact language functions in all domains (Table 1) . Verbal knowledge was excellent, expressive vocabulary was on average. Tests measuring different aspects of verbal memory revealed good memory functions with average learning efficiency and recognition, and a verbal long-term memory above average. In addition, verbal working memory was on average for both vowels-syllables and words-sentences, however with a discrepancy between the performance in word-sentence condition (82%) and vowels-syllables condition (52%). The Token Test revealed a flawless formal language comprehension. Verbal fluency of semantic and phonological items, respectively, was on or above average for both durations.
All written language functions were on average, though there was a slight discrepancy between production and perception. While writing performance lay on the 80th percentile, reading of words and reading of pseudowords were both at the lower end of the average range compared to an adult sample of mixed education levels. He showed no orthographic but one phonological error, i.e. an error that did not have an adequate phoneme-to-grapheme correspondence in German, thus violated the phonological principle (Brären instead of Bären, the German word for bears). In the test of memory retrieval of signed objects, the boy performed on average in the iterative condition of fast decoding and above average in the non-iterative condition. Perception-related reasoning showed average non-verbal functions.
A comparison of the boy with SI and the control case (SS) revealed a similar cognitive profile. Both boys showed average to above average language functions, with slightly better abilities of SS in memory and reading, and better verbal fluency of SS in the animal subtest with a two minutes test duration. In addition, both boys revealed comparable, average non-linguistic abilities.
Thus, overall, both the boy with SI and the boy with SS revealed a typical fetal structural brain asymmetry, a typical functional language lateralization towards the left hemisphere in adolescence, and normal linguistic and non-linguistic cognitive functions.
Discussion
This is the first study to describe the fetal cortical folding pattern and its relationship to later adolescent language lateralization, linguistic abilities, and anatomical features in a child with SI totalis compared to a well-matched control case with SS. Though the visceral organs were organized as a mirror image of default organ position, the fetal brain at 28th week of GA exhibited a typical structural laterality with a deeper right-sided superior temporal sulcus and shallower left-sided STS, equally to the control case in 26th week of GA. This fetal folding pattern with a rightward asymmetry of the STS in both the SI and the control case has already been described in a larger sample of fetuses and therefore considered typical (Kasprian et al., 2011) . Moreover, the rightward pattern of brain asymmetry has been well documented by postmortem studies (Chi et al., 1977; Fontes, 1944) as well as postnatal preterm brain imaging studies (Dubois et al., 2008) .
Thirteen years later, the STS depth asymmetry remained typically rightward in the boy with SI. In contrast to this, the surface extent asymmetry of the temporal plane showed a rightward shift, and an inverted occipital/frontal petalia torque asymmetry could be observed (Balzeau et al., 2012) . Despite of these atypical structural asymmetries in childhood, the boy with SI showed a typical, left-lateralized neural language organization and average to aboveaverage language functions.
The structural fetal brain asymmetry in our SI case was accompanied by a left-sided functional language lateralization in the adolescent brain and normal language abilities. Thus, concordant with some earlier case reports, the present study adds to the evidence of typical brain development in SI (Kennedy et al., 1999; Tanaka et al., 1999; Woods, 1986) . Kennedy et al. (1999) investigated three strongly right-handed individuals with SI using fMRI and showed a lateralization of language functions towards the left hemisphere in all of them. Likewise, Tanaka et al. (1999) could show a right ear advantage in eight out of nine strongly right-handed cases of SI indicating left hemispheric dominance. In line with this, Woods (1986) reported aphasia after a stroke in the left hemisphere of a patient with (SI). In contrast, Ihara et al. (2010) investigated two healthy adults with (SI) and found sublime structural post-natal inversions in general cortical surface asymmetry and planum temporale. These findings could also be replicated in our case. Besides, they described right lateralized language localization in both of them. Their third study participant, however, who presented left lateralized language, suffered from temporal lobe epilepsy which is well known to potentially influence functional localization of language, thus, the findings of this participant have to be interpreted with caution. Interestingly, those right lateralized cases showed either left-handedness or weak right-handedness. It may be possible that in these cases, the developmental mechanisms underlying visceral organ asymmetries are somehow related to those underlying functional asymmetry for both language and handedness. However, the shift of language towards the right hemisphere in these two SI cases may also be related to a coincidental left-handedness only, irrespective of SI, since handedness is significantly associated with language lateralization (Somers et al., 2015; Szaflarski et al., 2012) . Moreover, our data provide evidence that the mechanisms underlying brain lateralization on a structural and functional level are not necessarily interconnected with those acting in establishing the left right axis of our body organs. So far the biological processes underlying the left-right asymmetry of the body axis are not understood sufficiently. A current review by Vandenberg and Levin (2013) suggests a multiple pathway model of lateralization, where an initial lateralization process during cleavage early in embryogenesis is followed by later lateralization processes caused by motile cilia. In this respect, our findings add to this theory of dissociation in lateralization processes: while default neural development involving the STS here seems to be fixed early in embryogenesis, lateralization of body organs and probably lateralization of temporal plane and occipital torque asymmetry appears to remain plastic and vulnerable to events until a later point in embryogenesis. Beyond that we could show for the first time that the typical STS depth asymmetry is predisposed in fetuses with SI and stable throughout adolescence.
Furthermore, inverted body asymmetry also leads to hemodynamic differences of brain vascularization. In the case of SI right instead of left carotid artery is directly connected to the aortic arch and therefore more immediate blood flow is provided to the right cerebral hemisphere. An earlier study suggested this asymmetry in brain vascularization as possible initiator for hemispheric dominance (Carmon & Gombos, 1970) . Our observations rule out the idea of altered blood flow influencing hemispheric dominance on a critical level.
The present SI case exhibited normal language and nonlinguistic functions. Thus, SI does not inevitably go along with cognitive deficits. Although one study on induced SI in tadpoles suggests reversed movement patterns (swimming anti-clockwise) and worse training curve in associative learning (Blackiston & Levin, 2013) , this seems not to transfer on human beings. Neither, Kennedy et al. (1999) did find any abnormality in the Mini Mental State of three SI cases nor did we find any deviant deficit in a more fine-grained cognitive assessment.
Indeed we found no difference in STS depths asymmetry in the SI case as compared to the control case and the general population, but the temporal plane and occipital frontal petalia showed an inverted asymmetry pattern. Future research might therefore be focused on the predictability of STS depth asymmetry on cognitive functions compared to temporal plane asymmetries.
A limit of the present investigation is that it only presents a single case of situs inversus; a higher number of comparable fetal cases of situs inversus with longitudinal structural and functional imaging and neuropsychological assessment would help to validate our findings.
Conclusion
This is the first study to describe the neurocognitive development of a case with SI totalis from fetal cortical folding of the temporal lobe to language lateralization and functioning. Though this right-handed boy revealed a mirror image of visceral organs, he showed a typical fetal structural brain asymmetry, typical language localization in the left hemisphere, and intact language functioning. Thus, the developmental mechanisms underlying visceral organ asymmetries are not necessarily related to those underlying functional asymmetry for both language and handedness, and are not related to cognitive functioning.
Statement of significance to the neurobiology of language
This study describes the neurocognitive development of a child with situs inversus from fetal cortical folding to language lateralization and functioning. It illustrates that the mechanisms underlying visceral organ asymmetries are not related to those underlying structural and functional brain asymmetry and are not related to language abilities.
